Objective. The aim was to investigate the association between autoantibodies (autoAbs) and neuropsychiatric (NP) involvement in patients with SLE and to evaluate whether any autoAb or a combination of these autoAbs could indicate the underlying pathogenic process.
Introduction
SLE is a severe chronic autoimmune disease affecting multiple organ systems [1] . Neuropsychiatric (NP) events are common in SLE; however, in only one-third of cases can symptoms be attributed directly to nervous system damage because of SLE, then being referred to as NPSLE [25] . The ACR published an NPSLE nomenclature including 12 CNS and 7 peripheral nervous system manifestations [6] . This nomenclature is widely used to create more homogeneous patient groups to facilitate research, but to date there is no formal classification system to establish the diagnosis of NPSLE, nor guidelines regarding therapeutic decisions in these patients. Within the NPSLE patients, two phenotypes are recognized based on potential pathological mechanisms: inflammatory NPSLE, related to a pro-inflammatory and/or autoimmunemediated cause; and ischaemic NPSLE, associated with vascular occlusion, microangiopathy and haemorrhage [7] . In daily practice, a per-patient multidisciplinary diagnostic and therapeutic approach is recommended, based on the suspected pathological mechanism of NP complaints and severity of clinical symptoms.
The pathophysiology of NPSLE is diverse and complex; many different mechanisms have been proposed to contribute to the nervous system damage in SLE. Despite considerable advances in our understanding of the disease, it is currently not possible to provide a full definition of the pathogenesis of NPSLE, and more importantly, no single complementary test can specifically discriminate between SLE-related and unrelated NP manifestations [2, 5] . In SLE, >100 different autoantibodies (autoAbs) have been described in former research. Thus, it is reasonable to hypothesize that (i) autoAbs may also be implicated in the damage to the nervous system and/or (ii) damaged CNS structures may induce autoAb development. Although several autoAbs in cerebrospinal fluid or serum were shown to be associated with NPSLE [8] , a recent meta-analysis showed that no single biomarker was reliably associated with all NP manifestations in SLE patients. In a consecutive sub-analysis, the presence of lupus anticoagulant seemed to be related specifically to cerebrovascular events in SLE [9, 10] .
New and large-scale immunoproteomic approaches give the opportunity to study a wide spectrum of autoAbs in NPSLE patients in a more comprehensive way, with higher sensitivity and broader dynamic range than in traditional ELISA systems [11] . Knowledge about the autoAbs implicated in NPSLE could shed light onto potential pathogenesis of nervous system damage in SLE and help to improve diagnosis and treatment in NPSLE. This study aimed at the analysis of associations between autoAbs and the occurrence of NPSLE, assessment of the predictive value of an autoAb profile as a diagnostic marker for NPSLE, and comparison of autoAbs in NPSLE patients with the abovementioned distinct inflammatory or ischaemic phenotypes.
Methods
In total, 272 SLE patients and 51 healthy controls were included in this prospective cross-sectional cohort study. All patients were followed up at Leiden University Medical Center, Leiden, The Netherlands, VU University Medical Center, Amsterdam, The Netherlands or the Academic Medical Center, Amsterdam, The Netherlands. Patients were assessed by a rheumatologist who established the diagnosis of SLE and classified according to the revised 1997 ACR criteria [12] . SLE patients with NP events had a 1-day admission to the Leiden University Medical Centre, a tertiary national referral centre for NPSLE in The Netherlands. During this admission, all patients were evaluated in a standardized multidisciplinary manner by specialists in rheumatology, neurology, psychiatry and vascular medicine. They also underwent extensive neuropsychological testing, serological examination and 3.0 T MRI of the brain. Furthermore, a lumbar puncture, MRI of the spine and magnetic resonance angiography were performed if deemed necessary. Six to 12 months after the admission, all patients were re-evaluated. Finally, establishment of an NPSLE diagnosis using the 1999 ACR case definitions and its distinction into an inflammatory phenotype [clinical suspicion of an autoimmune-mediated cause after exclusion of other aetiologies, supported by the presence of other concomitant organ SLE manifestation or signs of active SLE disease (i.e. complement consumption) and a normal MRI or diffuse cortical grey matter or white matter lesions on MRI] or an ischaemic phenotype (infarctions on MRI of the brain, or thrombotic lesions of brain arteries or venous sinus thrombosis on magnetic resonance angiography, with symptoms matching the location of the lesions, without other aetiology) was based on expert opinions of the multidisciplinary consensus group [6] . A more detailed description of this diagnostic approach is given in the article by Zirkzee et al. [7] . Demographic and clinical data at NPSLE onset and treatment regimens at the moment of blood sampling were collected. In addition to the sera of SLE patients, sera from 51 healthy blood donors were collected as controls.
This study was conducted in accordance with the Declaration of Helsinki, and the institutional review boards of the participating centres (Leiden University Medical Center, Leiden, The Netherlands, VU University Medical Centre, Amsterdam, The Netherlands and the Academic Medical Center, Amsterdam, The Netherlands) approved the conduct of the study. Written informed consent was obtained from all patients at the local centres.
Serum collection and manufacture of autoantigen microarrays Serum samples of SLE patients were obtained during standard blood sampling for clinical care in one of three academic hospitals. In SLE patients with NP events, blood sampling was performed during the diagnostic approach as described above. Sera of all study subjects were aliquoted and stored at À80 C. Autoantigen microarrays were manufactured in the microarray core facility of University of Texas Southwestern Medical Center, Dallas, TX, USA. A selection of 94 autoantigens was made (supplementary Fig. S1 , available at Rheumatology Online), based on their implication in various human autoimmune diseases, including SLE, RA, multiple sclerosis and SS [13] . Four controls (IgG, IgM, anti-human IgG and IgM) were also imprinted on the arrays. For protein array analysis, 5 ml serum was pretreated with DNAse-I (50 U/ml) for 30 min at room temperature and then diluted 1:50 with PBS (137 mM NaCl, 9 mM KOH and 11.3 mM NaH 2 PO 4 , pH 7.0). Then, autoantigens were printed in duplicate to the nitrocellulose-coated 16-pad FAST slides using a GeSim Nanoplotter NP2.1 microarrayer (GeSim, Radeberg, Germany). Total human IgG and IgM were used as internal controls and for normalization of the autoAb reactivity. The slides were kept at 70% humidity for 4 h at room temperature, before storage at 4 C for up to 6 months without loss of activity.
Hybridization and scanning
Before hybridization, slides were brought to room temperature for 30 min and a 16-sectional frame was administrated to separate the individual arrays. After adding 50 ml blocking buffer (1% BSA in PBS with 0.1% Tween), the arrays were agitated for 30 min at room temperature.
The pretreated serum samples were diluted 1:100 in blocking buffer, which was found to have the optimal signal-to-noise ratio for the majority of targets. Addition of 50 ml of this dilution to each array was followed by incubation for 60 min with agitation. After washing three times with 100 ml PBS (0.1% v/v Tween 20, pH 7.4) and agitation for 5 min, Cy3-labelled anti-human IgG and Cy5-labelled anti-human IgM autoAbs at 1:1000 dilution were applied to each array, followed by a 60 min incubation with agitation. One array on each slide was used as a negative control, with PBS instead of serum. After washing with PBS with 0.1% Tween as before, the slides were immersed in PBS for 1 min and then spun dry. The autoAb reactivity was detected with a GenePix 4000B scanner with laser wavelengths 532 nm (Cy3 for IgG) and 635 nm (Cy5 for IgM). The images were analysed using Genepix Pro 7.0 software (Molecular Devices, Sunnyvale, California, USA). The net fluorescent intensity (NFI) of each antigen was generated by subtracting the local background and negative control signal. The signal-tonoise ratio was also generated for each antigen. The antibody signal was considered significantly higher than background at a signal-to-noise ratio 53. Correlation between the IgM and IgG autoAbs was analysed with a Spearman correlation test using a threshold of P < 0.0033 [correcting for the number of tested autoAbs in the correlation analysis (15): 0.05/15]. Correlation was considered weak if the correlation coefficient r was <0.30, moderate with r 5 0.30 and <0.50, strong with r 5 0.50 and <0.70 and very strong with r 5 0.701.00. When IgM and IgG autoAbs were significantly correlated, IgG autoAbs were evaluated for their predictive value for NPSLE using a univariate logistic regression and a receiver operating characteristic curve. This analysis also determined optimal cut-off values for dichotomizing the values of autoAb reactivity (in NFI). After this preselection, a profile of dichotomized IgG autoAbs was identified, applying multivariate logistic regression with backward elimination based on the likelihood ratio. Values of P > 0.10 and P < 0.05 were used as removal and reintroduction criteria, respectively.
A selection of these dichotomized autoAbs were captured in a diagnostic scoring system based on their performance in a multivariate logistic regression with backward elimination based on likelihood ratio, in accordance to a method previously described in an unrelated autoimmune disease process [14] . Weighted scores were assigned by rounding the regression coefficients to the nearest 0.0 or 0.5. Finally, a receiver operating characteristic curve of this model was plotted to evaluate the discriminative performance of the NPSLE diagnostic scoring system.
Heatmaps displaying the reactivity of autoAbs were created using Genesis (version 1.7.6; TU Graz, Austria). Other images were built in GraphPad Prism (version 6.0; GraphPad Software, San Diego, CA, USA).
Results

Patients
We included 51 healthy controls and 272 SLE patients, of whom 69 patients were diagnosed with NPSLE using the 1999 ACR case definitions system. SLE patients without NP manifestations were classified as non-NPSLE (n = 203).
www.rheumatology.oxfordjournals.org Concerning demographic and clinical characteristics, SLE patients were older and predominantly female when compared with healthy serum controls (supplementary Table S1 , available at Rheumatology Online). However, no significant differences between NPSLE and non-NPSLE patients in demographic and clinical characteristics were observed (Table 1) .
NPSLE vs non-NPSLE
Comparing the serum autoAb profiles of all SLE patients as a single cohort with the binding profiles of healthy controls, 75 IgG autoAbs and 47 IgM autoAbs showed significantly higher levels in SLE sera (supplementary Tables S2  and S3 , available at Rheumatology Online).
When focusing on the IgG autoAbs that could discriminate NPSLE from non-NPSLE patients, a significantly higher level of IgG autoAbs against five antigens (amyloid, cardiolipin, heparan sulphate, heparin and histone H2A) and significantly lower level of IgG autoAbs against four other antigens ( glycoprotein 2 (GP2), glycoprotein 210 (gp210), prothrombin and vimentin) were detected in NPSLE sera (Fig. 1A and C) . With respect to IgM autoAbs, a significantly higher level of IgM autoAbs against 10 antigens (amyloid, cardiolipin, CENP-A, collagen II, heparan sulphate, heparin, histone H2A and H2B, nuclear Mi-2 (Mi-2) and mitochondrial 2 (M2)) and a lower level of IgM autoAbs against two antigens (nucleoporin 62 (Nup62) and vimentin) were present in NPSLE sera when compared with non-NPSLE sera ( Fig. 1B and D) . Noticeably, in all cases the IgG and IgM autoAb levels were significantly higher in NPSLE sera when compared with sera from healthy controls (Fig. 1A  and B) .
Concerning the correlation between IgG and IgM autoAbs, all abovementioned autoAbs except those against gP210, Mi-2 and M2 were significantly correlated with predominantly moderate-to-strong correlation coefficients (supplementary Table  S4 , available at Rheumatology Online).
With regard to the robustness of the data set, all IgG and IgM autoAbs that could discriminate both SLE vs healthy controls and NPSLE vs non-NPSLE were verified and met significance in Monte Carlo robustness testing.
Inflammatory and ischaemic NPSLE
The 69 NPSLE patients were categorized as 38 inflammatory and 31 ischaemic NP patients. Sera of each phenotype were compared with sera of non-NPSLE patients. In patients with inflammatory NPSLE, a significantly higher level of IgG autoAbs against cardiolipin and heparan sulphate and a lower level of IgG autoAbs against G2P and vimentin were detected (supplementary Fig. S2, available at Rheumatology Online). In ischaemic NPSLE, a significantly higher level of IgG autoAbs against heparan sulphate and a lower level of IgG autoAbs against gP210 and vimentin were present (supplementary Fig. S2 , available at Rheumatology Online).
With regard to IgM immunoreactivity in inflammatory NPSLE, a higher level of autoAbs against amyloid, cardiolipin, heparan sulphate, histones H2A and H2B and a significantly lower level of autoAbs against Nup62 and vimentin were present (supplementary Fig. S3 , available at Rheumatology Online). In ischaemic NPSLE, a significantly higher level of IgM autoAbs against collagen II was detected, next to heparan sulphate and histone H2A (supplementary Fig. S3 , available at Rheumatology Online).
However, when comparing inflammatory and ischaemic NPSLE sera, the level of autoAbs in sera was not significantly different.
Autoantibodies as a diagnostic marker for NPSLE As described, NPSLE and non-NPSLE patients could be distinguished from each other by significantly different values of 9 IgG autoAbs and 12 IgM autoAbs. These autoAbs were directed against 15 antigens in total. As
FIG. 1 Immunoreactivity in NPSLE vs non-NPSLE
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Autoantibodies with a statistically significant difference in median NFI value between NPSLE and non-NPSLE patients. IgM autoAb binding is often more variable, we focused on IgG autoAb reactivity because of the generally more robust and stable diagnostic detection rate. Therefore, IgG counterparts of IgM Abs were included in further analyses only if a significant correlation between these two parameters was present (supplementary Table S4 , available at Rheumatology Online), leaving 12 antigens that were assessed further for their usefulness as a diagnostic marker for NPSLE (Table 2) . Their validity as a diagnostic marker for discriminating NPSLE from non-NPSLE varied widely. In a receiver operating characteristic curve analysis, a low level of anti-vimentin IgG autoAbs (cut-off <40.5 NFI) demonstrated the best predictive value for the diagnosis NPSLE (87.0% sensitivity; 66.0% specificity; P < 0.0001).
NPSLE diagnostic scoring system
A scoring system was established, based on cut-off NFI values of three IgG autoAbs (heparan sulphate, vimentin and histone H2B) as presented in Table 3 . In this model, a higher score corresponds to an increased risk of having NPSLE (Table 4) . The model provided good predictive value for the diagnosis of NPSLE [area under the curve 0.845 (99.97% CI: 0.756, 0.933; P < 0.0001; Fig. 2 ]. To exemplify, a patient with IgG anti-vimentin, anti-heparin sulphate and anti-histone H2B NFI values of 30, 50 and 150, respectively, attains a total score of 4.0. Although the sensitivity may still be limited, the proportion of patients with this score who had NPSLE is 67% (Table 4) .
Discussion
For decades, researchers have tried to identify specific autoAbs as diagnostic markers for NPSLE patients [10] . It would be very useful to have predictive biomarkers to identify the risk for NP manifestations in SLE patients Per potential total score, statistic diagnostic characteristics (sensitivity, specificity and positive predictive value) are given as percentages. For example, for a patient with antivimentin, anti-heparin sulphate and anti-histone H2B net fluorescent intensity values of 30, 50 and 150, respectively, a total score of 4.0 is attained (see Table 3 ). Thus, the chance that this person has NPSLE is 67% (positive predictive value corresponding to score 4.0). during the disease and to distinguish its two major phenotypes (inflammatory or ischaemic NPSLE). In the present study, for the first time, we use multiplex autoAb microarrays to assess the association between autoAbs and the occurrence of NPSLE. IgG or IgM autoAbs that were significantly higher in NPSLE in comparison to non-NPSLE were directed against heparin, extracellular matrix proteins (amyloid and collagen II), a cellular membrane component (heparan sulphate), mitochondrial (cardiolipin and M2) and nuclear antigens (centromere protein A, Mi-2 and histones H2A and H2B; Fig.  1AD ). In contrast, autoAbs that were lower in NPSLE compared with non-NPSLE patients are phospholipid protein GP2, the cytoskeletal component vimentin, the coagulation factor prothrombin and nuclear antigens gP210 and Nup62 (Fig. 1AD) ; although they were still significantly increased compared with healthy controls. Overall, NFI values of the IgG and IgM autoAbs differed considerably.
A valid NPSLE severity score based on clinical symptoms, imaging and laboratory results could guide treatment intensity and help in monitoring disease activity in clinical studies. Our study shows that a combination of autoAbs with distinctive NFI values (IgG autoAbs against heparan sulphate, vimentin and histone H2B; Fig. 2 ) may help to differentiate NPSLE from non-NPSLE. Once validated in prospective studies, our model might be clinically relevant in assessing the risk for NPSLE and in rational therapeutic decisions in case of SLE-related NP events. The NMDA receptor autoantibody, an interesting autoAb for NPSLE [15] , was not included in our antigen panel.
However, all SLE and NPSLE patients from the Academic Medical Centre, Amsterdam, The Netherlands, a tertiary national referral centre for NPSLE in the Netherlands, had been tested for the anti-NMDA receptor in serum, and results were negative (data not shown), although we cannot exclude the presence of any intrathecal autoantibodies [16] .
Apart from its diagnostic use, it is possible that binding of these autoAbs to their cognate antigens is involved in NPSLE pathogenesis. Heparan sulphate is a complex polysaccharide of the cell membrane that binds numerous extracellular matrix proteins, and as such, aids in regulating a large variety of biological processes in, among others, endothelial cells and neuronal tissue [1720] . Several researchers have stated that heparan sulphate is crucial in maintaining the stability of adherence junctions between brain endothelial cells [21] . Furthermore, dysfunction of this protein as a consequence of accumulation is associated with structural and functional bloodbrain barrier impairment, neurodegeneration and neuroinflammation [2225] . Inhibition of this protein by autoAbs could cause similar manifestations. Although heparan sulphate autoantibodies have been associated with lupus nephritis [11, 26] , a diagnostically relevant role of anti-heparan in NPSLE is, to our knowledge, a new finding.
The second autoAb included in the NPSLE diagnostic scoring system, vimentin, is an intracellular intermediate filament protein expressed in mesenchymal cells [27] . It is known to be a protein with neuroprotective characteristics [2830] . A higher vimentin concentration in astrocytes and endothelial cells is correlated with autoimmune Tables S2 and  S3 , available at Rheumatology Online). To explain the lower levels of anti-vimentin IgG binding, although purely speculative, in NPSLE sera, post-translational modification of vimentin by processes such as citrullination or phosphorylation has been suggested [34, 35] , resulting in decreased immunoreactivity in NPSLE patients as opposed to SLE patients. Another explanation for the low anti-vimentin level might be the occurrence of different splice variants of vimentin [38] . Anti-vimentin autoAbs could be directed against an epitope that is not present in the splice variant of vimentin as found in NPSLE. Moreover, clearance of vimentin from serum might result from enhanced exposition of vimentin in the brain, which may act as a sink (and disappearance of the autoAb from serum as a consequence). Finally, autoAbs against all histone subtypes and complexes have been associated with SLE before [3941] . Moreover, IgG autoAbs against total histones and histone H2A have previously been associated with NPSLE [42, 43] , and this was confirmed in our more extensive autoAb study (Fig. 1AD) . Focusing on autoAb reactivity in inflammatory and ischaemic NPSLE, it can be stated that in addition to the more general presence of anti-histone H2A IgM autoAbs in both inflammatory and ischaemic NPSLE, anti-histone H2B IgM autoAbs seemed specifically to be associated with the inflammatory NPSLE subtype when compared with non-NPSLE patients (supplementary Fig. S3 , available at Rheumatology Online). Surprisingly, our study suggests an inflammatory influence instead of an ischaemic role of anti-cardiolipin autoAbs in NPSLE. Although anti-cardiolipin autoAbs have been previously associated with thromboembolic events in SLE patients [7, 8] , some studies also emphasized their inhibitory effect on astrocyte proliferation and their binding to brain components [44, 45] . Looking at autoAbs that were significantly different in ischaemic NPSLE compared with non-NPSLE, IgM autoAbs against collagen II seemed more specific for the ischaemic phenotype. IgG autoAbs against collagen II were proposed for monitoring SLE activity and disease-associated vasculitis [46, 47] , supporting the vascular nature of the pathology in ischaemic NPSLE. However, we need to put these results into perspective owing to the finding that direct comparison of autoAbs between ischaemic and inflammatory NPSLE yielded no significant differences. This could be attributable to the relatively small number of patients tested with each phenotype, while also disregarding any potential overlap between the two phenotypes.
Although our study provides the most extensive data on autoAbs associated with SLE and NPSLE, it also has some important limitations, such as its cross-sectional character. Prospective research to identify the predictive value of these autoAbs before NP manifestations are present in patients diagnosed with SLE is recommended. A second limitation of this study was that some demographic characteristics in the healthy control population were significantly different from characteristics in the SLE patients. However, this difference is not thought to influence the comparison of autoAb profiles in NPSLE and non-NPSLE sera. Another important drawback is the lack of internal validation of our diagnostic scoring system. Internal validation of our system using a 70% training and 30% validation group was considered, but unfortunately, the number of NPSLE patients was too small to perform a reliable internal validation [48] . A final limitation of the study is the use of one technique (highthroughput multiplexed assay) for analysing the autoAbs. This technique yields high standard deviations because of its multiplex character. Lastly, for some antigens, relatively low NFI values were observed. Therefore, further validation should be done using other techniques, such as ELISA. However, such tests are not yet available for several of the antigens tested in the multiplex approach.
To summarize, this study shows that patients with NPSLE share a profile of IgG and IgM autoAbs against 15 antigens that is distinct from those measured in non-NPSLE patients. A profile of IgG autoAbs against heparan sulphate, vimentin and histone H2B indicated the presence or absence of NPSLE, which may be clinically relevant because of the monitoring and therapeutic consequences in case of SLE-related NP events.
